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BACKGROUND: Increased production of pro-inflammatory mediators is considered central in the manifestation of
events leading to irregular uterine bleeding in progestin-only contraceptive users. Evidence suggests that in addition
to its antimicrobial property, doxycycline (Dox) acts as an anti-inflammatory agent mainly through the suppression
of pro-inflammatory mediators. METHODS: We tested this hypothesis in the endometrial environment using an
in vitro model consisting of isolated human endometrial glandular epithelial and stromal cells and a human endometrial
surface (HES) epithelial cell line cultured under defined conditions. RESULTS: We found that Dox at doses ranging
from 1 to 100 mg/ml had a limited growth-inhibitory effect on these cells, whereas Dox in a dose-dependent manner
inhibited the production of tumour necrosis factor-a (TNF-a). Using multiplex cytokine/chemokine protein analysis
to test a broader range of Dox activity, we found that Dox at 25 mg/ml either alone or in the presence of 17b-estradiol
(E2), medroxyprogesterone acetate (MPA) and E2 + MPA (10–8 M) as well as TNF-a (25 ng/ml), representing the
endometrial environment exposed to contraceptives as well as inflammatory conditions, respectively, altered the
production of multiple cytokines and chemokines as compared with untreated controls. These actions of Dox
occurred in cell-, ovarian steroid- and cytokine/chemokine-dependent manners. Although Dox reduced the regula-
tory action of steroids on the production of these cytokines/chemokines, it was less effective on TNF-a-treated cells.
CONCLUSIONS: The results support the hypothesis that Dox, by modulating the endometrial expression of multiple
inflammatory-related cytokines/chemokines in a cell- and cytokine/chemokine-dependent manner, may have a thera-
peutic potential in patients experiencing irregular uterine bleeding, in particular in progestin-dominant contra-
ceptive users.
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Introduction

Progesterone-dominant and progestin-only pills/implants/
injectables are proven as highly effective contraceptives. How-
ever, a major drawback of these contraceptives, in particular
progestin-only implants and injectables, is their associated side
effects, specifically disruption of cyclic uterine bleeding (Dunn
et al., 2001; Munro, 2001). Irregular uterine bleeding/spotting

in these contraceptive users occurs mostly during the first year,
with considerable improvement with increased duration of use,
and treatment strategy has been largely empiric and consisted
of using ethinyl estradiol (EE), ibuprofen, oral contraceptives
and levonorgestrel (Archer et al., 1996; Burkman et al., 2001;
Cameron, 2001; Munro, 2001). Although these treatments
often result in a reduction in the number of bleeding/spotting
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days, they do not provide a cure, and irregular bleeding
remains the major cause of discontinuing these devices.

Endometrial environment during normal menstrual and
irregular uterine bleeding has been characterized by an
increased infiltration of the number of leukocytes and mast
cells and alterations in endometrial tissue integrity with appar-
ent matrix degradation (Lau et al., 1999; Macpherson et al.,
1999; Hickey and Fraser, 2000; Jones and Critchley, 2000;
Vincent and Salamonsen, 2000). Tissue trafficking of inflam-
matory/immune-related cells and tissue repair are highly regu-
lated events and influenced by many pro-inflammatory
mediators and proteases. Several pro-inflammatory mediators,
proteases and angiogenic factors known to regulate these proc-
esses are expressed in human endometrium throughout the
menstrual cycle (Hickey et al., 1999; Chegini and Williams,
2000; Critchley et al., 2001; Chegini et al., 2002; Kelly et al.,
2002; Salamonsen et al., 2002). However, altered endometrial
expression of some of these factors immediately before, and
during, menstruation and in progestin-dominant contraceptive
users is considered, at least in part, to account for normal men-
strual and irregular uterine bleeding (Critchley et al., 2001;
Kelly et al., 2001; Salamonsen et al., 2002; Jones et al., 2005).
Although normal menstrual bleeding coincides with declining
ovarian steroid production at the end of the luteal phase, accu-
mulated evidence indicates that the endometrial expression of
some of these mediators, proteases and angiogenic factors is
under the regulatory control of ovarian steroids.

Doxycycline (Dox), a member of the tetracycline family, is a
broad-spectrum antibiotic effective against a wide range of
gram-positive and gram-negative organisms. In recent years,
Dox has also been studied extensively in human and animal dis-
eases that are characterized by high levels of pro-inflammatory
mediators and protease activities (Baxter et al., 2002; Lamparter
et al., 2002; Islam et al., 2003; Brown et al., 2004; Lee et al.,
2004a,b; Onoda et al., 2004; Preshaw et al., 2004; Siemonsma
et al., 2004; Smith and Cook, 2004; Salvi and Lang, 2005). In
humans, these include osteoarthritis, rheumatoid arthritis, adult
periodontitis and non-infected corneal ulcers and in models of
angiogenesis where pro-inflammatory mediator and protease
activities are known to be required. In each of these disorders,
the beneficial effects of Dox or other tetracycline analogues are
not due to their antimicrobial effects but rather their efficacy in
inhibiting pro-inflammatory and protease activities.

We hypothesized that Dox, acting through this pathway,
influences the endometrial pro-inflammatory cytokine/chem-
okine production, thus altering the outcome of irregular uterine
bleeding/spotting. To test this hypothesis, we used an in vitro
model consisting of endometrial glandular epithelial and stro-
mal cells isolated from human endometrium and a human
endometrial surface (HES) epithelial cell line cultured under
defined conditions. Using this model, we first determined the
potential cytotoxic effect and anti-inflammatory property of
Dox by examining its action on the growth and production of
tumour necrosis factor-α (TNF-α) by these cells, respectively.
We then examined the effect of Dox alone or in combination
with 17β-estradiol (E2), medroxyprogesterone acetate (MPA)
and E2 + MPA as well as TNF-α, representing the endometrial
environment exposed to contraceptives as well as inflamma-

tory conditions, respectively, on the production of multiple
cytokines and chemokines with a broad spectrum of inflamma-
tory/immune-related activities.

Materials and methods
Endometrial glandular epithelial cells (GEC) and endometrial stromal
cells (ESC) were isolated from portions of endometrial tissues. The
tissues were obtained from premenopausal women, ranging in age
from 21 to 39 years, who were undergoing hysterectomy for medi-
cally indicated reasons (excluding endometrial cancer and leiomy-
oma) at the University of Florida-affiliated Shands Hospital. These
patients were not under any hormonal treatments at the time of sur-
gery. The tissues were collected after obtaining approval from the
University of Florida Institutional Review Board. The isolated GEC
and ESC were cultured in Dulbecco’s modified Eagle’s medium–
Ham’s F-12 supplemented with 10% fetal bovine serum (FBS) (Cell-
gro, Mediatech, Herndon, VA, USA), and their purity was determined
when freshly prepared and after the first passage by immunostaining
for cytokeratin (epithelial), vimentin (stromal) and a smooth muscle
actin (smooth muscle) using their various antibodies (Roberts et al.,
2005). The cells were then cultured in 75-mm flasks in the presence of
10% FBS until reaching visible confluence and used for these experi-
ments during their first to third passages. The HES cell line was
kindly provided by Dr D. Kniss (Ohio State University, Columbus,
OH, USA) and cultured as previously described (Luo et al., 2004).

All the materials for cell culturing, DNA synthesis and cell-
proliferation assay were purchased from Fisher Scientific (Pittsburg,
PA, USA), Amersham-Pharmacia Biotech (Piscataway, NJ, USA) and
Sigma Chemical (St Louis, MO, USA), respectively. E2, MPA and
Dox and charcoal-stripped fetal calf serum (FCS) were purchased
from Sigma and Hyclone (Logan, UT, USA), respectively. Recom-
binant TNF-α and TNF-α and IP-10 enzyme-linked immunosorbent
assay (ELISA) kits with mean detection limits of 1 and 1.67 pg/ml,
respectively, were purchased from R&D System (Minneapolis, MN,
USA). Multiplex cytokine/chemokine kits were purchased from R&D
System and UpState (Charlottesville, VA, USA).

Effect of Dox on 3H-thymidine incorporation and cell proliferation

ESC and GEC were cultured in 48-well microplates at a density of 2.5
× 104 cell/well in the presence of 10% FBS for 24 h. The cells were
washed and maintained under a serum-free condition for 24 h and then
exposed to media containing 2% FBS in the presence and absence of
various concentrations of Dox (1–100 μg/ml) and 2 μCi/ml 3H-thymi-
dine. The rate of 3H-thymidine incorporation into the DNA was deter-
mined after 24 h of incubation (Roberts et al., 2005). The effect of
Dox on cell proliferation was determined by 3-(4,5-dimethylthiazol)-
2,5-diphenyltetrazolium bromide (MTT) assay using ESC cultured at
2.5 × 103 cell/well in 96-well dishes and treated as described for
3H-thymidine incorporation for 48 h.

Effect of Dox on TNF-a production

TNF-α, a well-established pro-inflammatory cytokine, is expressed at
elevated levels in the endometrium during menses and irregular uter-
ine bleeding. To determine whether Dox therapy influences endome-
trial TNF-α action and to establish a baseline for Dox action in our
in vitro study, we first used isolated ESC. ESC were cultured in 24-
well plates at a density of 2.5 × 105 cell/well in the presence of 10%
charcoal-stripped FCS and phenol red/serum-free condition until
reaching 70–80% confluence. The cells were maintained under a
serum-free/phenol red-free condition for 24 h and then exposed to
media containing 2% charcoal-stripped FCS in the presence of various
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concentrations of Dox (1–50 μg/ml) for 24 h. The culture-conditioned
media were collected, and their TNF-α content was determined using
ELISA (Roberts et al., 2005).

The effect of Dox on cytokine/chemokine production

Parallel experiments were performed to determine the effect of Dox
either alone or in combination with E2, MPA and E2 + MPA on
inflammatory/immune-related cytokine and chemokine production by
endometrial cells. ESC, GEC and HES cells were cultured as above
describing TNF-α production. The cells maintained under a serum-
free/phenol red-free condition for 24 h were treated with Dox (25 μg/ml),
E2 (10–8 M), MPA (10–8 M), E2 + MPA or their combinations and
added to phenol red-free medium containing 2% charcoal-stripped
FCS. These cells were also treated with TNF-α (25 ng/ml) in the pres-
ence or absence of 25 μg/ml of Dox. The cells were incubated for 24
h, and the conditioned media were collected from treated and
untreated controls and subjected to multiplex cytokine/chemokine
assay according to the manufactures’ protocols. Briefly, 100 μl of
conditioned media in duplicates was subjected to multiplexing in 96-
well configured plates in an ELISA-based sandwich principle. The
assay’s solid phase consists of fluorescent beads covalently linked
with cytokine/chemokine-specific monoclonal antibodies, allowing
the capture of each cytokine/chemokine, and corresponding bioti-
nylated antibodies complete the reaction, which is detected with
streptavidin–phycoerythrin, and the intensity is measured on Luminex
100 IS system (Luminex, Austin, TX, USA). Because the production
of all the cytokines and chemokines assayed by multiplex in our study
has already been established and confirmed by many other investiga-
tors, to provide an example for the validity of multiplexing, we
assayed the conditioned media of TNF-α-treated cells with and with-
out the presence of Dox for IP-10 production using ELISA.

Statistical analysis

The results are presented as mean ± SEM of three independent experi-
ments performed in duplicate and were statistically analysed using
Student’s t-test and analysis of variance with Tukey where appropri-
ate, with P values <0.05 considered significant.

Results

The effect of Dox on cell growth

Dose–response experiments indicate that Dox at 0.1–100 μg/ml
had no significant inhibitory effect on the rate of 3H-thymidine
incorporation into ESC except at doses ≥50 μg/ml compared
with untreated control cells (Figure 1). The rate of 3H-thymidine
incorporation into DNA was inhibited about 30% by Dox at
100 μg/ml compared with control (Figure 1A). Dox at these
concentrations had no significant effect on the rate of cell pro-
liferation determined by MTT cytotoxic assay as compared
with untreated control (Figure 1B). A similar result was also
obtained using GEC and HES cells (data not shown).

The effect of Dox on TNF-a production

Treatment of ESC with Dox dose dependently reduced the
level of TNF-α production compared with untreated control
cells during a 24-h period, with maximal inhibition occurring
at Dox ≥25 μg/ml, with about 50% lower TNF-α production
(P < 0.05; Figure 2). On the basis of these results, in further
experiments we selected 25 μg/ml of Dox for the analysis of
other cytokine/chemokine production by ESC, GEC and HES.

The effect of Dox on cytokine/chemokine production

Several pro-inflammatory modulators are considered to parti-
cipate in the events leading to irregular uterine bleeding. We
examined the effect of Dox alone or in combination with ovar-
ian steroids on the production of several key pro-inflammatory
cytokines and chemokines using endometrial cells. The ESC,
GEC and HES cells cultured under a defined condition pro-
duced various levels of 25 cytokines, chemokines and growth
factors assayed, including interleukin-1α (IL-1α), IL-1β, IL-2
to IL-8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-17,
TNF-α, granulocyte-macrophage colony-stimulating factor
(GM-CSF), granulocyte colony-stimulating factor (G-CSF),
interferon-γ (IFN-γ), MIP-1α, MIP-1β, eotaxin, IP-10, monocyte
chemotactic protein-1 (MCP-1) and regulated on activation and
normally T-cell expressed and presumably secreted (RANTES).

Figure 1. The effect of doxycycline (Dox) at various concentrations
on the rate of 3H-thymidine incorporation (A) or cell proliferation
(B) on endometrial stromal cells incubated in the presence of 2% fetal
bovine serum for 24 h (3H-thymidine incorporation) or 48 h (cell
proliferation), respectively. Note that Dox treatment had a limited
effect on the rate of 3H-thymidine incorporation into these cells and
cytotoxicity (MTT assay) at doses <25 μg/ml but inhibited these
parameters at higher doses. The bars represent mean ± SEM of tripli-
cate experiments using endometrial stromal cells (ESC) isolated from
three different tissues. Asterisks denote statistically different from
untreated control (Ctrl), P < 0.05.
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These cells produced low- (<20 pg/ml) to-undetectable levels
of IL-1β, IL-2 to IL-5, IL-7, IL-10, IL-12p40, IL-12p70, IL-17,
GM-CSF, G-CSF, IFN-γ, MIP-1α, MIP1-β and eotaxin, and
their levels did not significantly change following treatments
with Dox, E2, MPA and their combinations. Therefore, further
experiments and analyses were performed using IL-1α, IL-6,
IL-8, IL-15, MCP-1, RANTES and IP-10.

As shown in Figure 3A–F, ESC, GEC and HES produced
variable levels of IL-6 (A), IL-8 (B), IL-15 (C), MCP-1 (D),
RANTES (E), IP-10 (F) and IL-1α (data not shown). The lev-
els of these cytokines and chemokines in most cases increased
following treatment of ESC, GEC and HES with E2, MPA and
their combinations as compared with untreated controls, with
inhibition of IL-6 and IL-8 production in GEC and HES by
MPA (Figure 3). In contrast, treatment of ESC, GEC and HES
with TNF-α (25 ng/ml), representing an inflammatory condi-
tion, resulted in a significant increase in the production of IL-6,
IL-8, IL-15, MCP-1, RANTES and IP-10 (P < 0.05; Figure 3).
We found that Dox (25 μg/ml) either was without effect or, in a
cell-specific manner, significantly inhibited and/or stimulated
IL-6, IL-8, IL-15, MCP-1, RANTES and IP-10 production in
ESC, GEC and HES (Figure 3). In addition, Dox co-treatment
with E2, MPA and E2 + MPA reduced their actions on IL-6, IL-
8, IL-15, MCP-1, RANTES and IP-10 production by these
cells; however, the action of Dox occurred in a cell-, steroid- and
cytokine/chemokine-dependent manner (Figure 3). Similarly,
co-treatment of ESC, GEC and HES with Dox and TNF-α
reduced the production of IL-6, IL-8, IL-15, MCP-1, RANTES
and IP-10 by these cells, also in a cell- and cytokine/chemok-
ine-dependent manner (Figure 3). The levels of IP-10 detected
in the culture media from cells incubated with TNF-α, either
alone or in the presence of Dox, assayed individually by

ELISA showed comparable results to IP-10 assayed by multi-
plexing, regarding both levels of IP-10 detected and effects of
TNF-α and Dox on IP-10 production (data not shown).

Discussion

In recent years, Dox has been studied at subantimicrobial con-
centrations in human and animal diseases that are characterized
by high levels of pro-inflammatory mediators and protease
activities, the diseases including osteoarthritis, rheumatoid
arthritis, adult periodontitis and pelvic inflammatory disorder
(Brown et al., 2004; Lee et al., 2004a,b; Preshaw et al., 2004;
Siemonsma et al., 2004; Salvi and Lang, 2005). Under these
conditions, Dox therapy has been shown to inhibit/reduce the
local production of pro-inflammatory mediators and protease
activities, resulting in an enhanced reparative process. During
menstruation and in women who experience irregular uterine
bleeding due to progesterone-only or progesterone-dominant
contraceptives, the endometrial environment is also character-
ized by elevated levels of pro-inflammatory mediators and pro-
tease activity (Chegini and Williams, 2000; Critchley et al.,
2001; Kelly et al., 2002; Salamonsen et al., 2002; Chegini
et al., 2003; Rhoton-Vlasak et al., 2005). Therefore, Dox ther-
apy may be useful for the management of irregular bleeding/
spotting in women using these contraceptives. Using isolated
human ESC, GEC and HES cell lines as in vitro model, we
tested this hypothesis and demonstrated that Dox altered the
production of several inflammatory-related cytokines/chemok-
ines, without having a significant cytotoxicity, except at high
doses. However, the effect of Dox on the production of these
cytokines and chemokines varied from an inhibitory or stimu-
latory effect to no significant change. Additionally, Dox treat-
ment altered the production of cytokines/chemokines in these
cells co-treated with E2, MPA and E2 + MPA as well as cells
treated with TNF-α, representing the endometrial environment
exposed to contraceptives as well as inflammatory conditions,
respectively, in a cell-, steroid- and cytokine-dependent man-
ner. How Dox regulates the expression of these and other
inflammatory mediators in endometrial cells is yet to be estab-
lished; considering the cell-type and cytokine-dependent action
of Dox, with differential interaction with ovarian steroids and
pro-inflammatory mediators, the therapeutic benefit of Dox is
likely to involve a complex molecular mechanism(s). How-
ever, the results support the hypothesis that Dox, acting inde-
pendent of its antimicrobial property, regulates the endometrial
cytokine/chemokine production, thereby altering their auto-
crine/paracrine actions that lead to endometrial inflammatory
response.

Regarding the production of multiple cytokines/chemokines
by the endometrial cells, we found that under the culture condi-
tions of our study, ESC, GEC and HES produced low- (<20 pg/
ml) to-undetectable levels of many of these cytokines and
chemokines during the 24 h of incubation. These results are in
agreement with those of previous studies that reported similar
levels of production of IL-1β, IL-2 to IL-5, IL-7, IL-10, IL-
12p40, IL-12p70, G-CSF, IFN-γ, MIP-1α, MIP-1β and eotaxin
by ESC and a few studies using GEC (Mazzeo et al., 1998;
Bergqvist et al., 2000; Hornung et al., 2000; Cork et al., 2001;

Figure 2. The bar graphs show the dose–response effect of doxycy-
cline (Dox) on tumour necrosis factor-α (TNF-α) production detected in
culture-conditioned media of endometrial stromal cells. The cells were
treated with Dox at 1 and 50 μg/ml for 24 h, and the culture-conditioned
media from treated and untreated controls (Ctrl) cells were collected and
subjected to enzyme-linked immunosorbent assay. The results are the
mean ± SEM from three independent cell cultures prepared from
different tissues and performed in duplicate. Asterisks denote statisti-
cally different from their various untreated controls (P < 0.05).
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Nasu et al., 2001, 2003; Caballero-Campo et al., 2002; von
Wolff et al., 2002; Zhao et al., 2002; Fahey et al., 2005; Luk
et al., 2005). We also found that not all the cytokine/chemok-
ine production assayed in our study is influenced by ovarian
steroid treatments, and those that responded to E2, MPA and E2 +
MPA treatments were regulated in a cell- and steroid-depend-
ent manner. Several previous studies have reported the influ-
ence of ovarian steroids on the expression of some of these
cytokines/chemokines such as IL-1β, GM-CSF, IFN-γ, MIP-

1α, MIP1-β and eotaxin in ESC and a few in GEC; however,
there is no report of their expression or regulation in HES for
comparison. Regarding IL-1α, IL-6, IL-8, IL-15, MCP-1,
RANTES and IP-10 production and their regulation by the
ovarian steroids in ESC and GEC, in general our results are in
agreement with those of previously published reports (Arici
et al., 1999; Bergqvist et al., 2000; Nasu et al., 2001, 2003; Kai
et al., 2002; Zhao et al., 2002; Roberts et al., 2005). We
believe that any differences observed between the results of

Figure 3. The bar graphs (Figs. A-F) show the levels of interleukin (IL-6), IL-8, IL-15, monocyte chemotactic protein-1 (MCP-1), regulated on
activation and normally T-cell expressed and presumably secreted (RANTES) and IP-10 detected in endometrial stromal cells (ESC), endometrial
glandular epithelia cells (GEC) and human endometrial surface (HES) epithelial cell line culture-conditioned media of untreated controls (Ctrl) or
following treatments with doxycycline (Dox) (25 μg/ml), 17β-estradiol (E2), medroxyprogesterone acetate (MPA), E2 + MPA (EP) at 10–8 M or
their combinations [ED (E2 + Dox), PD (MPA + Dox) and EPD (E2 + MPA + Dox)] as well as treatment with tumour necrosis factor-α (T)
(25 ng/ml) in the presence [TD (T + Dox)] or absence of Dox and added to phenol red-free medium containing 2% charcoal-stripped fetal calf
serum (Ctrl) for 24 h. The culture media were analysed for 25 cytokines/chemokines by multiplexing, and the results are the mean ± SEM of three
independent cell cultures prepared from different tissues and performed in duplicates. In E2, MPA, E + MPA, TNF and Dox treated cells * are sta-
tistically different as compared with untreated controls. In cells treated with Dox in combination with E2, MPA, E + MPA and T ** is different
from controls and their respective *. Lines over the bars point out the difference between E2, MPA, E + MPA and T with their combination treat-
ments with Dox (P < 0.05).
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this study and previous observations are due to the type of
assays (ELISA versus multiplexing) and the culture conditions.
However, a recent study determining the production of similar
cytokines in ESC reported a considerable similarity between
the result obtained using ELISA and multiplexing (duPont
et al., 2005). In addition to ovarian steroids, autocrine and
paracrine actions of these cytokines and chemokines could res-
ult in the differential regulation of their own production or the
production of others, which is well documented in endometrial
cells under in vitro conditions.

Regarding the effect of Dox on the production of multiple
cytokines/chemokines by the endometrial cells, it occurred at a
subantimicrobial dose with a broad range of activities and tar-
gets. Dox either alone or in combination with the ovarian ster-
oids and TNF-α altered the production of IL-1α, IL-6, IL-8,
IL-15, MCP-1, RANTES and IP-10 by the endometrial cells in
a cell-type, steroid- and cytokine/chemokine-dependent man-

ner. Therefore, Dox was more effective in modulating
cytokine/chemokine production by ESC as compared with
GEC and HES, to an extent functioned differently during co-
treatment with E2 or MPA and displayed a more inhibitory
action towards the production of chemokines as compared with
cytokines, specifically following co-treatment with MPA. In
contrast, Dox was less effective in modulating the effect of
TNF-α on the production of these cytokines/chemokines as
compared with ovarian steroid-treated cells, although Dox in a
dose-dependent manner reduced TNF-α production by ESC.
Because most of the endometrial breakdown during menses
and irregular bleeding due to progesterone-only contraceptives
occurs in the stromal compartment, the cell-specific action of
Dox, specifically following co-treatment with MPA, suggests
that Dox therapy may also act in compartment-dependent man-
ner, altering the local production of these inflammatory media-
tors. This is particularly interesting because inflammatory and

Figure 3. Continued
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immune-related cells traffic through the endometrium and are
localized among the ESCs in a larger number, specifically dur-
ing menstruation and breakthrough bleeding/spotting. Because
these inflammatory and immune-related cells are the major
source of the pro-inflammatory cytokines/chemokines and pro-
teases, reduction in their activities by Dox therapy may help
reduce the endometrial tissue breakdown during breakthrough
bleeding/spotting.

Alteration in endometrial microvasculature and inflamma-
tory reaction, coinciding with infiltrating leukocytes, mono-
cytes and mast cells, is among the key events occurring during
normal menstruation and irregular uterine bleeding (Lau et al.,
1999; Macpherson et al., 1999; Hickey and Fraser, 2000; Jones
and Critchley, 2000; Vincent and Salamonsen, 2000). Many
cytokines/chemokines examined in our study, such as IL-8, IL-
15, MCP-1 and RANTES, act as key regulators of leukocyte

differentiation and activation and orchestrate local tissue
inflammatory/immune response. Our results with Dox action
on the endometrial cells imply that in a clinical setting, Dox
therapy through a similar mechanism may alter the endometrial
production of these cytokines/chemokines, resulting in the stabili-
zation of the inflammatory response during menses and in women
experiencing irregular bleeding/spotting due to progesterone-
only and progesterone-dominant contraceptives. However, our
results with TNF-α suggest that during menses, a period associ-
ated with elevated endometrial expression of TNF-α, Dox may
have a limited/reduced activity. Although the molecular mecha-
nism(s) of how Dox regulates the endometrial production of these
cytokines/chemokines is yet to be determined, a recent pilot study
examining the efficacy of two treatment strategies has found that
Dox at 100 mg twice daily for 5 days is equally effective as mife-
pristone and mifepristone plus EE in reducing the number of days

Figure 3. Continued
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of uterine bleeding/spotting in women using a progesterone-only
contraceptive (Weisberg et al., 2006). Interestingly, Dox at
250 mg four times daily for 4 days is routinely used in women
undergoing IVF starting at 1 day before embryo transfer. No
reason has been given for the beneficial use of Dox in these
women under this protocol; however, Dox therapy is considered
to act through antimicrobial property under this and other pro-
tocols such as pelvic inflammatory disease and premenstrual
syndrome (Toth et al., 1988; Walters and Gibbs, 1990). We
have previously observed few incidences of endometritis in
Norplant users with abnormal uterine bleeding (Rhoton-
Vlasak et al., 2005), and Dox therapy acting through both
antimicrobial and anti-inflammatory properties may be benefi-
cial, although bleeding patterns return to normal following
removal of the implants. Dox either directly or through modu-
lation of these cytokines and chemokines may also alter the
expression of matrix metalloproteinases (MMPs), proteases
known to regulate tissue remodelling, which is a critical event
in endometrial tissue repair following menses and in patients
with irregular uterine bleeding (Critchley et al., 2001; Kelly
et al., 2001; Salamonsen et al., 2002; Chegini et al., 2003). In
a mouse model of endometrial breakdown, with elevated pro-
duction of MMPs, treatment with Dox reduced endometrial
MMP, without affecting the endometrial tissue integrity
(Kaitu’u et al., 2005).

In conclusion, these results provide evidence that Dox,
acting through its anti-inflammatory property, alters the
expression profile of a selective number of pro-inflammatory
cytokines/chemokines in endometrial cells, supporting its ther-
apeutic potential in women experiencing irregular uterine
bleeding/spotting, in particular those associated with progestin-
dominant or progesterone-only contraceptives.

Acknowledgements
This work was supported in part by NIH grants HD43175 and
HD37432.

References

Archer D, Philput C and Weber M (1996) Management of irregular uterine
bleeding and spotting associated with Norplant. Hum Reprod 11,24–30.

Arici A, Senturk LM, Seli E, Bahtiyar MO and Kim G (1999) Regulation of
monocyte chemotactic protein-1 expression in human endometrial stromal
cells by estrogen and progesterone. Biol Reprod 61,85–90.

Baxter BT, Pearce WH, Waltke EA, Littooy FN, Hallett JW Jr, Kent KC,
Upchurch GR Jr, Chaikof EL, Mills JL et al. (2002) Prolonged administration of
doxycycline in patients with small asymptomatic abdominal aortic aneurysms:
report of a prospective (Phase II) multicenter study. J Vasc Surg 36,1–12.

Bergqvist A, Nejaty H, Froysa B, Bruse C, Carlberg M, Sjoblom P and Soder
O (2000) Production of interleukins 1beta, 6 and 8 and tumor necrosis factor
alpha in separated and cultured endometrial and endometriotic stromal and
epithelial cells. Gynecol Obstet Invest 50,1–6.

Brown DL, Desai KK, Vakili BA, Nouneh C, Lee HM and Golub LM (2004)
Clinical and biochemical results of the metalloproteinase inhibition with
subantimicrobial doses of doxycycline to prevent acute coronary syndromes
(MIDAS) pilot trial. Arterioscler Thromb Vasc Biol 24,733–738.

Burkman RT, Collins JA, Shulman LP and Williams JK (2001) Current perspec-
tives on oral contraceptive use. Am J Obstet Gynecol 185(Suppl 2),S4–S12.

Caballero-Campo P, Dominguez F, Coloma J, Meseguer M, Remohi J, Pellicer A
and Simon C (2002) Hormonal and embryonic regulation of chemokines IL-
8, MCP-1 and RANTES in the human endometrium during the window of
implantation. Mol Hum Reprod 8,375–384.

Cameron IT (2001) The levonorgestrel intrauterine system: the benefits of
reduced bleeding. Eur J Contracept Reprod Health Care 6(Suppl 1),27–32.

Chegini N and Williams RS (2000) Cytokines and growth factor networks in
human endometrium from menstruation to embryo implantation. In Hill JA
(ed.) Cytokines in Human Reproduction. Wiley Inc., New York, pp. 93–132.

Chegini N, Ma C, Roberts M, Williams RS and Ripps BA (2002) Differential
expression of interleukins (IL) IL-13 and IL-15 throughout the menstrual
cycle in endometrium of normal fertile women and women with recurrent
spontaneous abortion. J Reprod Immunol 56,93–110.

Chegini N, Rhoton-Vlasak A and Williams RS (2003) Expression of matrix
metalloproteinase-26 and tissue inhibitor of matrix metalloproteinase-3 and -4
in endometrium throughout the normal menstrual cycle and alteration in
users of levonorgestrel implants who experience irregular uterine bleeding.
Fertil Steril 80,564–570.

Cork BA, Li TC, Warren MA and Laird SM (2001) Interleukin-11 (IL-11) in
human endometrium: expression throughout the menstrual cycle and the
effects of cytokines on endometrial IL-11 production in vitro. J Reprod
Immunol 50,3–17.

Critchley HO, Kelly RW, Brenner RM and Baird DT (2001) The endocrinol-
ogy of menstruation—a role for the immune system. Clin Endocrinol (Oxf)
55,701–710.

Dunn TS, Stamm CA, Delorit M and Goldberg G (2001) Clinical pathway
for evaluating women with abnormal uterine bleeding. J Reprod Med
46,831–834.

Fahey JV, Schaefer TM, Channon JY and Wira CR (2005) Secretion of
cytokines and chemokines by polarized human epithelial cells from the
female reproductive tract. Hum Reprod 20,1439–1446.

Hickey M and Fraser IS (2000) Clinical implications of disturbances of uterine
vascular morphology and function. Baillieres Best Pract Res Clin Obstet
Gynaecol 14,937–951.

Hickey M, Simbar M, Young L, Markham R, Russell P and Fraser IS (1999) A
longitudinal study of changes in endometrial microvascular density in Nor-
plant implant users. Contraception 59,123–129.

Hornung D, Dohrn K, Sotlar K, Greb RR, Wallwiener D, Kiesel L and Taylor
RN (2000) Localization in tissues and secretion of eotaxin by cells from nor-
mal endometrium and endometriosis. J Clin Endocrinol Metab 85,2604–2608.

Islam MM, Franco CD, Courtman DW and Bendeck MP (2003) A nonantibi-
otic chemically modified tetracycline (CMT-3) inhibits intimal thickening.
Am J Pathol 163,1557–1566.

Jones RL and Critchley HO (2000) Morphological and functional changes in
human endometrium following intrauterine levonorgestrel delivery. Hum
Reprod 15(Suppl 3),162–172.

Jones RL, Morison NB, Hannan NJ, Critchley HO and Salamonsen LA (2005)
Chemokine expression is dysregulated in the endometrium of women using
progestin-only contraceptives and correlates to elevated recruitment of dis-
tinct leukocyte populations. Hum Reprod 20,2724–2735.

Kai K, Nasu K, Nakamura S, Fukuda J, Nishida M and Miyakawa I (2002)
Expression of interferon-gamma-inducible protein-10 in human endometrial
stromal cells. Mol Hum Reprod 8,176–180.

Kaitu’u TJ, Shen J, Zhang J, Morison NB and Salamonsen LA (2005) Matrix
metalloproteinases in endometrial breakdown and repair: functional signifi-
cance in a mouse model. Biol Reprod 73,672–680.

Kelly RW, King AE and Critchley HO (2001) Cytokine control in human
endometrium. Reproduction 121,3–19.

Kelly RW, King AE and Critchley HO (2002) Inflammatory mediators and
endometrial function—focus on the perivascular cell. J Reprod Immunol
57,81–93.

Lamparter S, Slight SH and Weber KT (2002) Doxycycline and tissue repair in
rats. J Lab Clin Med 139,295–302.

Lau TM, Affandi B and Rogers PA (1999) The effects of levonorgestrel
implants on vascular endothelial growth factor expression in the
endometrium. Mol Hum Reprod 5,57–63.

Lee HM, Ciancio SG, Tuter G, Ryan ME, Komaroff E and Golub LM (2004a)
Subantimicrobial dose doxycycline efficacy as a matrix metalloproteinase
inhibitor in chronic periodontitis patients is enhanced when combined with a
non-steroidal anti-inflammatory drug. J Periodontol 75,453–463.

Lee KS, Jin SM, Kim SS and Lee YC (2004b) Doxycycline reduces airway
inflammation and hyperresponsiveness in a murine model of toluene diiso-
cyanate-induced asthma. J Allergy Clin Immunol 113,902–909.

Luk J, Seval Y, Kayisli UA, Ulukus M, Ulukus CE and Arici A (2005) Regula-
tion of interleukin-8 expression in human endometrial endothelial cells: a
potential mechanism for the pathogenesis of endometriosis. J Clin Endocri-
nol Metab 90,1805–1811.

Luo X, Ding L and Chegini N (2004) Gonadotropin-releasing hormone and
TGF-beta activate MAP kinase and differentially regulate fibronectin
expression in endometrial epithelial and stromal cells. Am J Physiol Endo-
crinol Metab 287,E991–E1001.

RE
TR

AC
TE

D

http://humrep.oxfordjournals.org/


Doxycycline action in the endometrium

2563

Macpherson AM, Archer DF, Leslie S, Charnock-Jones DS, Makkink WK and
Smith SK (1999) The effect of etonogestrel on VEGF, oestrogen and pro-
gesterone receptor immunoreactivity and endothelial cell number in human
endometrium. Hum Reprod 14,3080–3087.

Mazzeo D, Vigano P, Di Blasio AM, Sinigaglia F, Vignali M and Panina-
Bordignon P (1998) Interleukin-12 and its free p40 subunit regulate immune
recognition of endometrial cells: potential role in endometriosis. J Clin
Endocrinol Metab 83,911–916.

Munro MG (2001) Irregular uterine bleeding: advances in diagnosis and treat-
ment. Curr Opin Obstet Gynecol 13,475–489.

Nasu K, Sugano T, Fujisawa K, Arima K, Narahara H and Miyakawa I (2001)
Effects of interleukin-4 on the in-vitro production of cytokines by human
endometrial stromal cells. Mol Hum Reprod 7,265–270.

Nasu K, Fukuda J, Sun B, Nishida M and Miyakawa I (2003) Interleukin-13 and
tumor necrosis factor-beta differentially regulate the production of cytokines
by cultured human endometrial stromal cells. Fertil Steril 79,821–827.

Onoda T, Ono T, Dhar DK, Yamanoi A, Fujii T and Nagasue N (2004) Doxy-
cycline inhibits cell proliferation and invasive potential: combination ther-
apy with cyclooxygenase-2 inhibitor in human colorectal cancer cells. J Lab
Clin Med 143,207–216.

duPont NC, Wang K, Wadhwa PD, Culhane JF and Nelson EL (2005) Valida-
tion and comparison of luminex multiplex cytokine analysis kits with
ELISA: determinations of a panel of nine cytokines in clinical sample cul-
ture supernatants. J Reprod Immunol 66,175–191.

Preshaw PM, Hefti AF, Jepsen S, Etienne D, Walker C and Bradshaw MH
(2004) Subantimicrobial dose doxycycline as adjunctive treatment for perio-
dontitis. A review. J Clin Periodontol 31,697–707.

Rhoton-Vlasak A, Chegini N, Hardt N and Williams RS (2005) Histological
characteristics and altered expression of interleukins (IL) IL-13 and IL-15 in
endometria of levonorgestrel users with different uterine bleeding patterns.
Fertil Steril 83,659–665.

Roberts M, Luo X and Chegini N (2005) Differential regulation of interleukins
IL-13 and IL-15 by ovarian steroids, TNF-α and TGF-β in human endome-
trial epithelial and stromal cells. Mol Hum Reprod 11,751–760.

Salamonsen LA, Zhang J and Brasted M (2002) Leukocyte networks and
human endometrial remodelling. J Reprod Immunol 57,95–108.

Salvi GE and Lang NP (2005) Host response modulation in the management of
periodontal diseases. J Clin Periodontol 32(Suppl 6),108–129.

Siemonsma MA, de Hingh IH, de Man BM, Lomme RM, Verhofstad AA and
Hendriks T (2004) Doxycycline improves wound strength after intestinal
anastomosis in the rat. Surgery 133,268–276.

Smith VA and Cook SD (2004) Doxycycline—a role in ocular surface repair.
Br J Ophthalmol 88,619–625.

Toth A, Lesser ML, Naus G, Brooks C and Adams D (1988) Effect of doxycy-
cline on pre–menstrual syndrome: a double-blind randomized clinical trial. J
Int Med Res 1(6),270–279.

Vincent AJ and Salamonsen LA (2000) The role of matrix metalloproteinases
and leukocytes in abnormal uterine bleeding associated with progestin-only
contraceptives. Hum Reprod 15(Suppl 3),135–143.

Walters MD and Gibbs RS (1990) A randomized comparison of gentamicin–
clindamycin and cefoxitin–doxycycline in the treatment of acute pelvic
inflammatory disease. Obstet Gynecol 75,867–872.

Weisberg E, Hickey M, Palmer D, O’Connor V, Salamonsen LA, Findlay JK
and Fraser IS (2006) A pilot study to assess the effect of three short-term
treatments on frequent and/or prolonged bleeding compared to placebo in
women using Implanon. Hum Reprod 21,295–302.

von Wolff M, Stieger S, Lumpp K, Bucking J, Strowitzki T and Thaler CJ
(2002) Endometrial interleukin-6 in vitro is not regulated directly by female
steroid hormones, but by pro-inflammatory cytokines and hypoxia. Mol
Hum Reprod 8,1096–1102.

Zhao D, Lebovic DI and Taylor RN (2002) Long-term progestin treatment
inhibits RANTES (regulated on activation, normal T cell expressed and
secreted) gene expression in human endometrial stromal cells. J Clin Endo-
crinol Metab 87,2514–2519.

Submitted on December 21, 2005; resubmitted on March 30, 2006, May 2,
2006; accepted on May 9, 2006

RE
TR

AC
TE

D

http://humrep.oxfordjournals.org/



